Background: Earlier data support the hypothesis that the relation between circulating insulin-like growth factor-I (IGF-I) levels and breast cancer risk differs by menopausal status. The strong association of IGF-I with height in childhood and weak or no association between adult levels and adult height also suggest that IGF levels in young women may better reflect an exposure time period of importance to breast cancer. Few studies have assessed IGF binding protein-1 (IGFBP-1) or free IGF and breast cancer risk. Materials and Methods: We conducted a large case-control study nested within the prospective Nurses' Health Study. Plasma concentrations of IGF-I, free IGF, IGFBP-3, and IGFBP-1 were measured in blood samples collected in 1989 to 1990. Eight hundred women were identified who had a diagnosis of invasive or in situ breast cancer after blood collection, up to 1998, 27% of whom were premenopausal at blood collection. To those 800 women, one to two controls were age-matched for a total of 1,129 controls. We used logistic regression models to estimate the relative risk (RR) of breast cancer associated with IGF levels.
Introduction
Factors that have the potential to either prevent cell death or enhance the survival of abnormal cells influence a cell's fate. Such control over cells has been ascribed to several members of the insulin-like growth factor (IGF) family (1) . IGF-I, for example, is a peptide hormone that is involved in controlling proliferation and differentiation. Although most of the IGF present in circulation is protein bound, a small fraction of IGF-I is ''free''; this component may be more bioavailable, but assays specific for free ligand are controversial. The IGF binding proteins IGFBP-3 and IGFBP-1 both affect IGF-I bioavailability and, in addition, seem to exert independent effects on the growth control of malignant cells (2) as part of a comprehensive regulation system of cell survival and death.
Although circulating levels of IGF-I generally have not been associated with breast cancer risk among postmenopausal women, a positive association was observed in premenopausal women (3) . However, results from observational studies have not been consistent (4, 5) and considerable uncertainty remains regarding the true association between IGF-I and premenopausal breast cancer risk. Furthermore, the association between IGFBP-3 and breast cancer risk is also inconsistent. In part, these inconsistencies may be attributed to technical variation in performance of assays for IGFs, particularly IGFBP-3, the primary IGF-I binding protein. Other potential explanations for inconsistencies in results include differing blood sampling and storage methods, different definitions of cancer ''cases,'' differences in age at blood sampling, and the possibility of differences between populations in factors that may influence the IGF-I risk relation.
We studied the potential of IGF-I and its binding proteins as biomarkers for breast cancer by menopausal status. Utilizing a nested case-control design within the large, prospective Nurses' Health Study cohort, we investigated associations between various plasma IGF levels and breast cancer risk. In the current study, we update our previous analyses (6) , with now double the number of cases, and for the first time report on the associations of IGFBP-3 (as assayed by both ELISA and RIA), IGFBP-1, and free IGF-I levels with breast cancer risk.
Materials and Methods
Study Population. In 1976, 121,700 female registered nurses from 11 large U.S. states, ages 30 to 55, and of primarily Caucasian descent were enrolled in the Nurses' Health Study. Since baseline, they have completed biennial mailed questionnaires that comprise items about their health status, medical history, and known or suspected risk factors for cancer (7) and heart disease (8) . Every 2 years, follow-up questionnaires have been sent to cohort members to update the information on potential risk factors and to identify new diagnoses of cancer and other major medical events. Between 1989 and 1990, blood samples were collected from 32,826 women. Further details of the Nurses' Health Study blood collection methods have been previously published (8) (9) (10) . Follow-up of this subcohort was 98.5% as of 1998.
Samples were not available for 47 cases and controls because of either low plasma volume or assay problems; thus, there were 800 incident breast cancer cases and 1,129 matched controls available for these analyses. Cases in this analysis are women with no cancer diagnosis (with the exception of nonmelanoma skin cancer) before blood collection and for whom breast cancer was reported any time after blood collection up to June 1, 1996, for postmenopausal women, and up to June 1, 1998, for premenopausal women. Pathology records were obtained for 99.8% of the cases. In total, 671 were pathologically confirmed invasive breast cancers and 129 were in situ cancers. Although these 800 cases included two women whose pathology reports had not yet been obtained, we based our analyses on the total because the accuracy of self-reported breast cancer in this cohort is extremely high (99%; ref. 11). To each case, we matched one to two controls on their year of birth, menopausal status (postmenopausal versus not), recent postmenopausal hormone use defined as use within 3 months of blood collection versus not (because these hormones tend to lower IGF-I concentrations; ref. 12), month and time of day of blood collection, and fasting status at blood draw (z10 hours since a meal versus not). Blood samples were randomly collected; however, previous reports (13) (14) (15) suggest that circulating IGF levels do not range substantially by phase of menstrual cycle. We defined menopausal status at the time of blood collection in our main analyses. In subanalyses, we also stratified by menopausal status defined at the time of diagnosis. A woman was defined as premenopausal if she had had at least one natural menstrual cycle in the previous 12 months or was younger than 48 years (if she was a nonsmoker) or younger than 46 years (if a current smoker) after hysterectomy without bilateral oophorectomy-at these ages, <10% of the cohort had had a natural menopause. A woman was defined as postmenopausal if she reported a natural menopause or bilateral oophorectomy or if she was at least 56 years old (if a nonsmoker) or 54 years (if a current smoker) after hysterectomy without bilateral oophorectomy-by these ages, natural menopause had occurred in 90% of the cohort. For each of the 237 postmenopausal cases in the study who were not on hormone-replacement therapy at blood collection, a second control also was selected.
The study was approved by the Committee on the Use of Human Subjects in Research at the Brigham and Women's Hospital.
The data set we used in this study is a combination of the 397 invasive breast cancer cases and their 620 controls that we have previously described in detail (6) and a new set of cases that were diagnosed with breast cancer more recently (after June 1, 1994, to May 31, 1996, for postmenopausal women and after June 1, 1994, to May 31, 1998, for premenopausal women) and their age-matched controls. Specifically, we have added 330 breast cancer cases (both in situ and invasive) that were diagnosed between 1994 and 1998 and their 427 controls. In addition, we include here 73 cases with in situ breast cancer diagnosed from 1990 to 1994 that were not included in our earlier publication (6) . In sum, a total of 800 cases and 1,129 controls (470 cases diagnosed between 1990 and 1994 and 330 cases diagnosed between 1994 and 1998) formed the study population for the current analyses. This represents an addition of 2 more years of postmenopausal cases (261 additional cases) and 4 more years of premenopausal cases (142 additional cases), compared with our previous data set (6) .
IGF Measurements. IGF-I, free IGF, and IGFBP-1 levels were assayed by ELISA with reagents from Diagnostic Systems Laboratory (Webster, TX).
Because of inconsistent findings for the association between IGFBP-3 and breast cancer risk from the literature, and the possibility that these resulted at least in part from differences in the type of assay used, we measured IGFBP-3 levels using both an ELISA (Diagnostic Systems Laboratory) and an RIA (J.M. Holly). IGFBP-3 levels via RIA are presented as the primary IGFBP-3 measure in this study (unless explicitly noted otherwise) as RIA has been more extensively used and validated for these assays. The ELISA assays were conducted in three different batches: (a) 1990 to 1994 cases and controls (as previously described; ref. 6); (b) 1994 to 1996 premenopausal cases and controls; (c) 1994 to 1996 postmenopausal and 1996 to 1998 premenopausal cases and controls. IGFBP-3 results for the 1994 to 1996 premenopausal data set were markedly different from all other batches in terms of both absolute value and distribution; these changes may have arisen because of a change in the IGFBP-3 standards used in the assays produced by Diagnostic Systems. Therefore, IGFBP-3 ELISA values from the 1996 premenopausal data set are not included here. In comparisons between the two IGFBP-3 assays, all data from the RIA are used (i.e., including the 1994-1996 premenopausal data set) because exclusion of this batch did not alter the differences observed between assay methods.
All samples were masked as to case or control status. Masked split specimens included within each batch were used to calculate the coefficient of variation within batches; for IGF-I and IGFBP-3, coefficients of variation ranged from 4% to 9% and for free IGF and IGFBP-1 coefficients of variation ranged from 6% to 13%.
Whereas all of the women included in this study had IGF-I values, a few (n = 5) had ELISA IGFBP-3 values, but not RIA IGFBP-3 values, because of insufficient plasma volumes. For those women, we created an indicator variable for missing IGFBP-3 values and retained them in the analyses. In addition, because of assay cost considerations, only the 1,410 women (1990-1996 set) who had provided fasting blood samples (441 cases and 631 controls) had IGFBP-1 levels assayed and only 1,646 women (677 cases and 969 controls, 1990-1996) had free IGF levels; similarly, we created indicator variables for missing data on free IGF and IGFBP-1 and kept all study subjects in the analyses.
Quintiles of IGF levels were defined based on the IGF levels of all controls for postmenopausal women, and tertiles were defined for premenopausal women based on IGF levels of all premenopausal controls.
Statistical Analyses. To test for differences in hormone levels between case and control subjects, we used mixedeffects regression models for clustered data to adjust for possible confounding due to the matching factors and for any residual correlation between case and control subjects within the matched set (16) . To estimate the relative risks (RR, odds ratios) and 95% confidence intervals (95% CI), we used unconditional logistic regression models adjusted for the matching factors. We controlled for age in 5-year age groups among postmenopausal women and in tighter age categories among the premenopausal women (V46, 47-48, 49-50, and >50 years). When we additionally adjusted for other breast cancer risk factors [age at menarche (<12, 12, 13, and 14+ years), parity (0, 1-2, 3-4, and >4 births), age at birth of first child (0, <25, 25-29, and 30+ years), family history of breast cancer, body mass index (<21, 21-22.9, 23-24.9, 25-28.9, and 29+ kg/m 2 ), age at menopause (continuous), and postmenopausal hormone use (never, past, and current user)], the RRs were essentially unchanged; thus, estimates adjusted only for the matching factors are presented in this study. Because of several broken pairs due to low plasma volume for some cases or controls, unconditional logistic regression allowed us to retain all study subjects in the analyses thereby increasing power, which was particularly relevant for the analyses among premenopausal women. However, the results of the conditional analyses were essentially identical to those from the unconditional analyses. We conducted tests for trends by calculating the Wald statistics for a continuous distribution of IGF values. We used the square root of IGF-I because of its skewed distribution. Table 1 shows baseline characteristics of the 800 cases and 1,129 controls by menopausal status. The mean time between blood collection and diagnosis was 46 months (SD 25) with a range of 1 to 106 months.
Results
Among all controls, IGF-I and IGFBP-3 were strongly and positively correlated with each other (r = 0.57, P < 0.001), as were IGF-I and free IGF (r = 0.44, P < 0.001), whereas IGFBP-1 was inversely correlated with free IGF (r = À0.41, P < 0.001). The two different measures of IGFBP-3 (RIA and ELISA) were also reasonably well correlated (r = 0.73, P < 0.001, Table 2 ). IGF-I levels and age were significantly correlated (r = À0.33, P < 0.001).
Neither IGF-I nor IGFBP-3, IGFBP-1, or free IGF levels varied significantly between cases and controls as a whole or among premenopausal or postmenopausal women separately ( Table 3 ). Among premenopausal women ages <50, however, there was a significant difference in plasma IGF-I levels between cases and controls [median IGF-I plasma levels, 187 ng/mL (cases) versus 176 ng/mL (controls), P = 0.01; Table 3 ].
When evaluating the entire study population, circulating IGF-I levels were not associated with breast cancer risk, after adjustment for matching factors and IGFBP-3 levels (IGF-I, RR, top versus bottom quintile, 1.1; 95% CI, 0.8-1.5); additional adjustment for breast cancer risk factors, such as body mass index and family history of breast cancer, also did not alter these estimates (data not shown). The RRs remained essentially unchanged after the exclusion of in situ breast cancer cases (1.1 top versus bottom quintile; 95% CI, 0.8-1.6) and they were very similar for postmenopausal women (Table 4 ) even after exclusion of current or recent users of postmenopausal hormones (data not shown). Furthermore, the exclusion of women with extreme IGF-I values (i.e., below 50 ng/mL, n = 14) also did not alter these estimates (data not shown). These risks also remained essentially unchanged when we stratified on body mass index: heavier women (with a body mass index of z25) had only slightly increased RRs (top versus bottom quintile, 1.3; 95% CI, 0.8-2.1), when compared with the RRs of leaner women with a body mass index of <25 (RR, top versus bottom quintile, 1.0; 95% CI, 0.6-1.5). Neither IGFBP-3 (assayed by either method), IGFBP-1, nor free IGF were associated with breast cancer risk in these postmenopausal women. Analyses conducted among invasive breast cancer cases only were essentially unchanged.
We observed a positive association between circulating IGF-I levels and breast cancer risk among premenopausal women: higher circulating IGF-I levels were associated with a higher breast cancer risk (1.6 top versus bottom tertile; 95% CI, 1.0-2.5; Table 5 ), and this association was strongest among women who were both premenopausal and younger than age 50 at blood collection (2.5 top versus bottom tertile; 95% CI, 1.4-4.5, P trend = 0.01). The positive association was driven largely by our earlier findings; in the more recent follow-up period (1994) (1995) (1996) (1997) (1998) , the relationship was weakly positive with RRs of 1.2 (premenopausal) and 1.4 (premenopausal ages <50) for the top versus bottom tertile of IGF-I levels. In subanalyses, when we restricted our premenopausal set of women to those who were not only premenopausal at blood collection but also premenopausal at the date of their breast cancer diagnosis, these associations became even stronger (2.2 top versus bottom tertile; 95% CI, 1.1-4.4; premenopausal and age <50 both at blood collection and time of diagnosis: 3.8 top versus bottom tertile; 95% CI 1.7-8.3, all without adjustment for IGFBP-3).
Further adjustment for IGFBP-3 (RIA) levels left these risks essentially unchanged and they remained statistically significant. When controlling for ELISA IGFBP-3, however, the RRs became slightly stronger (Table 5) .
Overall, the exclusion of in situ breast cancer cases only slightly increased RRs (premenopausal, RR, 1.8 top versus bottom tertile; 95% CI, 1.0-3.1; premenopausal and age <50: RR, 3.3; 95% CI, 1.6-6.8, both after adjustment for IGFBP-3). Similarly, the RR of breast cancer among premenopausal women who were diagnosed with breast cancer between 1990 and 1994 (the data set we used for our previous publication; ref. 17) was slightly higher (RR, 2.9; 95% CI, 1.2-6.9) without in situ cases, compared with the combined data set, including both invasive and in situ breast cancer cases (RR, 2.4; 95% CI, 1.1-5.2, all after adjustment for ELISA IGFBP-3).
Because we had two measures of IGFBP-3, assessed by both ELISA and RIA assays, we compared the RRs obtained with either measure and they varied slightly (Tables 4 and 5 ). The association between plasma IGFBP-3 levels and breast cancer risk, by both methods, was overall null (all women combined, 0.8 top versus bottom quintile; 95% CI, 0.6-1.1, after adjustment for IGF-I). These associations were similar among postmenopausal women (Table 4 ). Among premenopausal women, IGFBP-3 by RIA was positively associated with breast cancer; this was slightly stronger in the subset of women who were also <50 years of age (1.4; 95% CI, 0.8-2.3; Table 5 ). Further control for IGF-I attenuated these associations. In contrast, the association with IGFBP-3 ELISA and risk tended to be inverse, although not statistically significant and further control for IGF-I increased the magnitude of the association. Neither IGFBP-1 levels nor free IGF levels (Tables 4 and 5 ) seemed to be strongly associated with breast cancer risk in our analyses. Because IGFBP-1 was correlated with IGF-I (r = À0.11), and free IGF with IGF-I (r = 0.44) and IGFBP-1 (r = À0.42), we adjusted for those factors in subanalyses; however, the RRs remained essentially unchanged (Tables 4  and 5 ).
The RRs comparing the top and bottom tertile of plasma IGFs were similar in analyses that excluded the overall 200 women diagnosed in the first 2 years after blood collection. For example, among premenopausal women ages <50 (30 cases excluded), the RR for breast cancer associated with IGF-I levels, after adjustment for IGFBP-3, was 2.6 (top versus bottom tertile; 95% CI, 1.3-5.3).
Discussion
In a matched, nested case-control study of breast cancer, we found a modest but statistically significant association between IGF-I levels and premenopausal breast cancer risk. However, neither free IGF nor the two binding proteins, IGFBP-3 and IGFBP-1, seemed to be associated with breast cancer risk in this cohort. Additionally, we continued to see no association between IGF-I and breast cancer risk among postmenopausal women.
The potent proliferative effects of IGF-I influence both normal and transformed breast epithelial cells (18, 19) . In rodents, the overexpression of growth hormone increased the frequency of breast tumors (20) , and treatment with growth hormone or IGF-I led to mammary gland hyperplasia in monkeys (18) . The expression of IGFBP-3 in many tissues, on the other hand, suggests that it locally modulates the action of cFor ELISA IGFBP-3, batch-specific cut points for quintiles were created (two different laboratory batches: 1990-1994 and 1994-1996) . bRelative risks were, in addition to matching variables, further adjusted for plasma IGF-I.
x Relative risks were, in addition to matching variables, further adjusted for plasma IGF-I and IGFBP-1; 336 cases and 482 controls.
IGF peptides. Retinoic acid -induced expression of IGFBP-3, for example, inhibits the growth-promoting effects of IGF-I in breast cancer cells (21) . IGFBP-3 may also have other, not yet fully understood, physiologic roles. In addition, several groups have reported a positive association between plasma IGF-I levels in premenopausal women and the percent breast density observed on a mammogram (22, 23) . Mammographic breast density is strongly and consistently related to breast cancer risk (24) . IGFBP-1 is another binding protein of a family of six high-affinity IGF binding proteins (IGFBP 1-6), which regulates IGF actions (1). To date, six prospective analyses have evaluated associations between IGFs and breast cancer risk (4, 6, (25) (26) (27) (28) . In four prior nested case-control studies (5, (20) (21) (22) , a positive association was observed between IGF levels and breast cancer risk in premenopausal women, but no association was observed among postmenopausal women. The largest study to date analyzed data from two large Swedish cohorts and no noteworthy associations were observed between plasma IGF levels and breast cancer risk regardless of menopausal status (4) . In this study, 116 cases and 330 controls were premenopausal at blood collection. The most recent prospective analysis was conducted among postmenopausal women only (28) and confirmed previous reports of no association. In the current analysis, among premenopausal women, we observed that, although the overall association between IGF-I and breast cancer risk remained statistically significant, the association with the more recent follow-up was weak and nonsignificant. However, based on the small numbers of subjects in each time period and given that excluding cases diagnosed within the first 2 years after blood collection did not alter substantially our findings, it would seem most likely that the summary RR over the 8 years provides the best estimate of the association. As with most prior studies, we confirm no association between IGF-I and breast cancer risk in postmenopausal women.
Many of the studies also investigated the relation between IGFBP-3 and breast cancer risk. All four prospective studies published (4, (25) (26) (27) observed a positive association with breast cancer risk, although the magnitude of the association varied substantially and only one of the estimates was statistically significant. RRs ranged from 1.4 to 5.3 when comparing the top to the bottom category of levels. In postmenopausal women, findings for IGFBP-3 and breast cancer risk have been less consistent with RRs for the top versus bottom category comparison ranging from 0.3 to 1.5 (4, (26) (27) (28) .
Two of the prospective studies also examined associations of other IGF binding proteins, specifically IGFBP-1, with breast cancer risk (4, 26) . Both studies report no association of IGFBP-1 with breast cancer; however, serum IGFBP-1 levels are responsive to insulin, and fasting status of the study subjectsan important requirement for valid assessments of IGFBP-1was not optimal in either cohort. Three retrospective studies report on associations of IGFBP-1 with breast cancer and they were all conducted under optimal fasting conditions (29) (30) (31) . Two of them did not observe a notable association, whereas in the third study (31) IGFBP-1 levels were used to predict survival rather than risk of breast cancer.
Whereas IGF-I was modestly associated with breast cancer risk among our premenopausal women, free IGF did not seem to be associated with breast cancer risk in this cohort. The total serum IGF concentration is a measure of a pool of IGF that is potentially available to the tissues (32) . In contrast, the interpretation that bound hormone is inactive and free therefore equates active-a reasonable approximation for other hormones, such as steroids-cannot be extrapolated to the IGF system. In fact, being bound to specific IGFBPs may facilitate the transfer of IGFs from the vasculature to tissues and to its sequestration within certain tissue compartments (33, 34) . Furthermore, at the cellular level, IGFBPs can enhance cellular actions through a variety of mechanisms, including increasing concentrations at the cell surface for receptor interactions and preventing receptor down-regulation (32) . Thus, bound IGF can be more active than unbound, which makes the interpretation of the component that can be measured as free within the circulation very complex.
The design of our study is prospective and of fairly large size, adding to the strength of our findings. Furthermore, with a fairly large proportion of premenopausal women, we were able to address associations by menopausal status, with sufficiently large numbers of cases in each quantile. Nonetheless, the youngest of our premenopausal women is >42 years old, which compromised our ability to assess risks among very young women. The strong association of IGF-I with height in childhood, and weak or no association between adult levels and adult height, also suggests that IGF levels in young women may better reflect an exposure time period of importance to breast cancer. Thus, larger cohorts of premenopausal women with a lower median age are needed to address questions whether IGF-I associations with breast cancer risk may vary by age, and whether IGF levels in young women may better reflect the exposure time period of importance. In addition, we only had a single blood sample per subject to represent long-term IGF levels, which may have introduced some misclassification, thus biasing our findings to the null. However, evidence for IGF-I and IGFBP-3 suggest that a single plasma measurement reflects longer term circulating levels reasonably well with correlations of 0.9 for samples measured over 8 weeks (35) and 0.81 for IGF-I and 0.60 for IGFBP-3 measured over a 1-year period (27) . Finally, to date, it is still not clear if the observed association in younger women can be attributed to the possibility that IGF levels earlier in life are important, or if the association is specific to premenopausal breast cancer. To distinguish these two possibilities, one would need to have women who were premenopausal at blood collection and then either premenopausal or postmenopausal at diagnosis; with our short followup, we have little ability to address this. In addition, premenopausal data sets (including ours) have generally still been relatively small (case numbers ranged from 66 to 172 and the combined evidence for premenopausal women is based on a total of 499 breast cancer cases only), and further confirmation of our results in larger premenopausal cohorts is needed.
In summary, our study supports previous reports indicating that the relation between IGF-I and breast cancer risk may differ by menopausal status. The prospective studies, including our own, have been very consistent in observing no association between circulating IGF-I levels and breast cancer risk among postmenopausal women. In contrast, our results give further support to a positive association among premenopausal women. Our data do not support an important role for circulating levels of IGFBP-3, IGFBP-1, or free IGF as estimated by a specific ELISA method in breast cancer etiology.
